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A SUPERCONDUCTING MICROWAVE ENGINE 
x 
G. J. Dick 
ABSTRACT 
In th i s  pape r  a new technique of  e lectromechanical  
energy  conversion i s  proposed.  This  technique  would 
make use of  the high Q's a t t a i n a b l e  i n  s u p e r c o n d u c t i n g  
r e sona to r s  t o  ach ieve  d i r ec t  mechan ica l  t o  microwave 
energy  convers ion  wi th  a ne.t e f f i c i e n c y  g r e a t e r  t h a n  
9%, a value which i s  fa r  h ighe r  t han  tha t  ob ta ined  by  
convent iona l   t echn- iques .   In   addi t ion ,   i f   sur face  mag- 
n e t i c  and e l e c t r i c  f i e l d  l e v e l s  are l i m i t e d  by t h e  
c r i t i ca l  f i e l d s  o b t a i n e d  i n  f i x e d  r e s o n a t o r s ,  power 
d e n s i t i e s  would be achieved which are la rge  enough to  
make such a machine a p r a c t i c a l  means bo th  fo r  gene ra -  
t i n g  microwave energy and for  re -conver t ing  the  micro-  
wave again to  mechanical  energy for  power t ransmiss ion  
purposes .  
I. INTRODUCTION 
In t h i s  p a p e r ,  a new technique of  e lectromechani-  
cal  energy conversion w i l l  be  d iscussed  involv ing  the  
"compression"  of an e l e c t r o m a g n e t i c   f i e l d .  It i s  well 
known tha t  magne t i c  f i e lds  cause  fo rces  and indeed the 
expres s ion  fo r  t he  p re s su re  p roduced  by  a magnetic 
f i e l d  B i s  j u s t  L B 2  , or  a pressure of  about  50 
pounds p e r  squarz'o inch  (PSI)  for  a s ta t ic  10 ld3; f i e l d .  
However, o s c i l l a t i n g  m a g n e t i c  f i e l d s  a l s o  c a u s e  f o r c e s  
of  the same type - - in  an  r f  r e sona to r  con ta in ing  a 1 kG 
o s c i l l a t i n g  f i e l d  t h e  r a d i a t i o n  p r e s s u r e  on t h e  walls 
is  about 1 1 2  PSI .   For   the   sake   o f   i l lus t ra t ion ,   sup-  
p o s e  t h i s  r a d i a t i o n  were c o n t a i n e d  i n  a n  i d e a l  r e s o n a -  
t o r  w i t h  p e r f e c t l y  f l e x i b l e  walls. I n  t h i s  case, a 
coun te rba lanc ing  fo rce  on t h e  walls i n  t h e  same amount 
would  be  required  to   preserve  equi l ibr ium. However, i n  
t h i s  i d e a l  r e s o n a t o r ,  i f  t h e  e x t e r n a l  f o r c e  were i n -  
c r e a s e d  s l i g h t l y ,  t h e  volume o f  t he  r e sona to r  would 
c o n t r a c t  and work would be done on the electromagnet ic  
f i e l d s  c o n t a i n e d  i n s i d e .  T h i s  work  would show up as an 
inc rease  in  the  s to red  e l ec t romagne t i c  ene rgy .  
i n  t h e  r e s o n a t o r  i s  described by the Boltzmann-Ehrenfest 
Theorem.' This  theorem states tha t  under  condi t ions  of  
a d i a b a t i c  (slow) deformat ion ,  the  number  of  photons 
c o n t a i n e d  i n  a lo s s l e s s  r e sona to r  r ema ins  cons t an t .  
That i s ,  the energy i s  given by E = Nh(o where N i s  t h e  
number of photons i n  t h e  c a v i t y  and w i s  t h e  i n s t a n -  
taneous  eigenfrequency.  Thus, i f  we could  compress a 
c a v i t y  by a f a c t o r  of LO i n  a time much s h o r t e r  t h a n  
tha t  requi red  for  the  e lec t romagnet ic  energy  to  decay ,  
the frequency and energy content  of  the cavi ty  would 
b o t h  i n c r e a s e  t e n  times. I f   such  a procedure  could  be 
repeated a t  a h i g h  r a t e ,  a small  amount of power a t  low 
microwave frequency could be converted into a l a r g e r  
amount of  power a t  a higher  frequency.  That i s ,  an  
engine could be bui l t  to  "generate"  microwave power 
from  lower  frequency  energy,  or  conversely,   to  convert  
microwave power i n t o  a combination of mechanical work 
and lower frequency energy. 
To bui ld  such an engine,  the eigenfrequency must  
be changed i n  a time s h o r t  compared t o  t h e  e l e c t r o -  
magnet ic   r inging t i m e .  This i s  no t   poss ib l e   u s ing  nor- 
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mal resonators,  which have ringing times of micro- 
seconds. However, i t  may b e  f e a s i b l e  i n  a supercon- 
duc t ing  resonator  where  r ing ing  times of hundreds of 
mi l l i seconds  or even seconds can be achieved. 
I n  o r d e r  t o  a c h i e v e  a rapid deformation of  the 
superconduct ing resonator ,  i t  would need t o  be b u i l t   i n  
two parts ,  one of  which would be rotat ing very rapidly 
p a s t   t h e   o t h e r .   I f   t h e   t e c h n i c a l   p r o b l e m s   o f   c o o l i n g  
t h e  r o t o r  i n  s u c h  a machine could be solved and i f  t h e  
s t r eng th  o f  materials a p p r o p r i a t e  t o  t h e  c o n s t r u c t i o n  
o f  t h i s  r o t o r  c a n  b e  made l a r g e  enough, i t  would be 
p o s s i b l e  t o  c o n s t r u c t  a r e sona to r  w i th  a ve ry  r ap id ly  
changing eigenfrequency. 
In  the  fo l lowing  sec t ion ,  we w i l l  p r e s e n t  a p r e -  
l iminary  ana lys i s  of  the  e f f ic iency  which  could  be  
obta ined  under  these  condi t ions  for  energy  convers ion ,  
and make a rough guess a t  t h e  power levels  expected.  
11. ANALYSIS 
A schematic diagram of the microwave engine i s  
shown i n  Fig. 1. When the   cav i ty   r eaches  i t  low f r e -  
q u e n c y  p o s i t i o n ,  t h e  f i r s t  s w i t c h  c l o s e s  and the  cav i ty  
i s  exc i ted  wi th  e lec t romagnet ic  energy  E a t  a f r e -  
quency (ol. This   switch i s  then  opened w k i l e  t he  e igen -  
f requency ofushe cavi ty  changes to  a new va lue  w2. Then 
energy E = - El  i s  coupled out  of  the cavi ty  by c l o s -  
by   c los ing  w1 the  second  switch.   During  the time t h a t  
t h e  c a v i t y  i s  exc i ted ,  some f r a c t i o n  of the  energy w i l l  
be  absorbed by l o s s e s  i n  t h e  c a v i t y  walls. Furthermore, 
t h e  e n e r g y  d e n s i t y  i n  t h e  c a v i t y  w i l l  be  l imited by the  
maximum magnet ic  and  e lec t r ic  f ie lds  which  can  be  sus-  
t a i n e d  a t  the  superconduct ing  surface.  We e v a l u a t e   t h e  
limits these  cons ide ra t ions  p l ace  on t h e  e f f i c i e n c y  and 
power d e n s i t y  as fol lows.  
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Fig. 1. Schematic  diagram  of Microwave Engine  using a 
var iab le  f requency  superconduct ing  resonator  as t h e  
frequency  conversion  element.  Under ad iaba t i c   cond i -  
t i o n s  ((o >> 0 )  t h e  number  of photons N i n  a l o s s l e s s  
cavi ty  remains constant .  
The f r a c t i o n a l  loss of microwave energy a t  helium 
temperature  i s  given by T / r  where T is  t h e  time spent  
by the energy i n  t h e  c a v i t y ,  and T i s  the decay time 
fo r   t he   r e sona to r .  However, i t  takes  approximately 
1000 watts of power f o r  r e f r i g e r a t i o n  f o r  e a c h  w a t t  
d i s s i p a t e d  a t  hel ium  temperature .   Thus,   the   net   eff i -  
c iency  B i s  given 
E = 1 - 10 T / T  3 (1) 
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The decay time f o r  e n e r g y  i n  a r e sona to r  w i th  r e s i s t i ve  
l o s s e s  c a n  b e  w r i t t e n  i n  the form 
where L 1  is  a c h a r a c t e r i s t i c  s i z e  of t he  r e sona to r  ( the  
volume t o  su r face  r a t io )  and  R i s  t h e  s u r f a c e  r e s i s -  
tance.  The time which  the micSowaves  must  spend i n  t h e  
cav i ty ,  T i s  approximate ly  equal  to  ha l f  the  t ime for  a 
mechanical cycle, and i s  given approximately by 
L T = -  2 
2v 
where L2 i s  aga in  a c h a r a c t e r i s t i c  s i z e  o f  t h e  r e s o n a -  
t o r  and v i s  the  ve loc i ty  wi th  wh ich  one  pa r t  of t h e  
r e sona to r  moves p a s t  a n o t h e r .  I f  we set a = L /L1 , 
we ob ta in  a v a l u e  f o r  t h e  e f f i c i e n c y  w h i c h  i s  Endepen- 
dent  of  s ize ,  
lo3 x R~ 
POV 
s = 1 -  a ( 4 )  
I n  a s i m i l a r  manner, t h e  power i s  given by the energy 
con ten t  E, i n  t he  in  the  r e sona to r  d iv ided  by  the  t ime  
per c y c l e ,  o r  
where V i s  t h e  volume  of t he  r e sona to r  and B i s  t h e  
l imi t ing  magne t i c  f i e ld  a t  t he  supe rconduc t igg  su r face .  
Using the same d f i n i t i o n  of a as before,  we obta in ,  1 
Bc P = - x A  2Poa (6) 
where A i s  t h e  r e s o n a t o r  a r e a .  
111. DISCUSSION 
I n  o r d e r  t o  e v a l u a t e  t h e  p o t e n t i a l  e f f i c i e n c i e s  
and  power l eve l s  poss ib l e  wi th  th i s  t echn ique ,  we must 
make guesses of t he  su r face  p rope r t i e s ,  bu lk  s t r eng th ,  
and e l ec t romagne t i c  f i e ld  conf igu ra t ions  wh ich  can  be  
combined i n  a low temperature  machine. We can  es t imate  
wi th  some c o n f i d e n c e  t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  
which can be achieved a t  s u p e r c o n d u c t i n g  s u r f a c e s  i n  
the absence of the  s t resses  which  would  be introduced 
i n  a r ap id ly   sp inn  ng superconduct ing  rotor .   Surface 
r e s i s t a n c e s  of 10 C2 have  been  achieved a t  f i e l d s  
approaching lOOOg a t  a  number of  f requencies  and  low 
l e v e l  l o s s e s  of 10-9C2 have  been  observed. 
On the other  hand,  the technology of  moving  one 
part  rapidly past  another has been thoroughly developed 
i n  t h e  d e s i g n  of low pressure  s team  turbines .   Rotor  
speeds of 300  M/sec a re  rou t ine ,  even  t ak ing  in to  
account a 25% overspeed safety factor and $he weakening 
e f f e c t s  of the  high  temperatures   involved.  We es t ima te  
t h a t  t h i s  same speed can be a t t a i n e d  i n  a superconduc- 
t i n g  machine. The p r o p e r t i e s  of t h e   r e s o n a t o r   i t s e l f  
determine the parameter a: and a r e  a l i t t l e  harder  to  
guess.  The s p e c i f i c  form  of t he   r e sona to r  w i l l  be 
heavily  dependent  on  mechanical  considerations.  Based 
on some s imple   cy l indr ica l   models ,  we e s t ima te  a 4. 
e f f i c i e n c y  from Eq. ( 4 )  between 9@ and 9% depending 
on  which  value of s u r f a c e  r e s i s t a n c e  i s  used .   I f   an  
a v e r a g e  f i e l d  of 700g could  be  sus ta ined  in  the  resona-  
t o r ,  t h e  power dens i ty  g iven  by Eq. ( 6 )  would  be 
approximately ~x 105 watts per  square meter  of resona-  
t o r  s u r f a c e  a r e a .  
T h e s e  e f f i c i e n c i e s  a r e  f a r  h i g h e r  t h a n  t h o s e  
p r e s e n t l y  a c h i e v a b l e  f o r  e i t h e r  microwave generation or 
-& 
Using these parameters, we es t imate  an  overa l l  
r e c t i f i c a t i o n .  In  f a c t ,   t h e   h i g h e s t   o v e r a l l   e f f i c i e n c y  
present ly  demonstrated by a microwave power l i n k  i s  
approximately 4G$.3 The a v a i l a b i l i t y  o f  a means t o  
genera te  and r e c t i f y  microwaves a t  e f f i c i e n c i e s  com- 
p a r a b l e  t o  t h e s e  a t t a i n e d  by o the r  power techniques 
would make microwave power t ransmiss ion  a r e a l i s t i c  
p o s s i b i l i t y .  
IV.  CONCLUSION 
We have proposed a poss ib le  use  of superconducting 
r e sona to r s  t o  conve r t  microwave  power a t  a lowfrequency 
t o  a l a r g e r  amount  of  power a t  a high frequency, the 
difference in  energy being provided by mechanical  work 
done  by t h e  c a v i t y  w a l l s  on the  f ie lds .  Al though the  
development of such  an  appl ica t ion  would involve con-  
s iderable  technological  accomplishments ,  the present  
s t a t e  of t h e  a r t  of r f  superconduct iv i ty  could  make 
poss ib le  modera te  power l e v e l s  and  h igh  e f f i c i enc ie s  
fo r  t he  gene ra t ion  and conversion to mechanical work of 
nticrowave  nergy. The capabi l i ty   for   such   energy   con-  
version could open important new a p p l i c a t i o n s  f o r  
microwave power. 
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